Observationsof the ocean,atmosphere,andicemadeby Ice-OceanEnvironmental Buoys (IOEBs) indicate that mixing eventsreachingthe depth of the halocline haveoccurred in various regions in the Arctic Ocean. Our analysissuggeststhat these mixing eventswere mechanically forced by intense storms moving acrossthe buoy sites. In this study, we analyzed these mixing events in the context of storm developmentsthat occurred in the
Abstract
Observationsof the ocean,atmosphere,andicemadeby Ice-OceanEnvironmental Buoys (IOEBs) indicate that mixing eventsreachingthe depth of the halocline haveoccurred in various regions in the Arctic Ocean. Our analysissuggeststhat these mixing eventswere mechanically forced by intense storms moving acrossthe buoy sites. In this study, we analyzed these mixing events in the context of storm developmentsthat occurred in the Beaufort Seaand in the generalareajust north of Fram Strait, two areaswith quite different hydrographic structures. The Beaufort Seais strongly influenced by inflow of Pacific water through Bering Strait, whiie the areanorth of Fram Strait is directiy affectedby the inflow of warm and salty North Atlantic water. Our analysesof the basin-wideevolution of the surface pressureand geostrophicwind fields indicate that the characteristicsof the storms could be very different. The buoy-observed mixing occurred only in the spring and winter seasons when the stratification was relatively weak. This indicates the importance of stratification, although the mixing itself was mechanically driven. We also analyze the distribution of storms, both the long-term climatology, as well as the patterns for each year in the last two decades.
The frequency of storms is also shown to be correlated (but not strongly) to Arctic Oscillation indices.
This study indicates that the formation of new ice that leads to brine rejection is unlikely the mechanism that results in the type of mixing that could overturn the halocline. On the other hand, synoptic-scale storms can force mixing deep enough to the halocline and thermocline layer. Despite a very stable stratification associated with the
Introduction
There is some observationalevidenceto support the scenario that the Arctic climate systemmay have undergoneconsiderablechangein the last few decades(e.g., Walsh et al., 1996; Powerand Mysak, 1992; Carmacket al., 1997; Slonosky,et al., 1997; Parkinson et al., 1999; Morison et al., 2000) . wind stress and oceanic current (e.g., Thorndike and Colony, 1982; Colony and Thorndike, 1984; Proshutinsky and Johnson, 1998) . The ice export to the Nordic Seas is correlated well with the North Atlantic Oscillation or the Arctic Oscillation (e.g., Kwok, 2000; Kwok and Rothrock, 1999) and has been shown to affect sea-ice condition in Greenland and Labrador believed that convectivemixing, evenwith brine rejection in winter, is not deepenough to reachthe warmer thermocline water, so the heat flux from deeperlayersis often considered to be small for the overall heat budget in the mixed layer. Such an assessment is based mainly on the considerationof buoyancyflux, suchas brine rejection in winter. In this study we will showthat intense stormscould actually force mixing through the Arctic halocline to the thermocline.
Brine rejection during the formation of sea ice is a mechanismwhich has received a great deal of attention in the study of mixing in the polar and subpolar oceans.It induces static instability, which is responsiblefor sometypes of deepmixing in high-latitude oceans, particularly in areaswhere the stratification is weak (suchas the Labrador and Greenland Seas et al. (1993, 1999) . The buoy instrument configurations were modified in each deployment. Our interest here is primarily in the hydrography and its variations.
_l:hese data were available only for.the periods between April and November, 1994 in the transpolar region; and April, 1996 to 1998 in the Beaufort Sea. The buoy was trapped in the shelf area in early 1998, and so we will use data prior to the end of 1997.
In addition to meteorological data from the buoys, we also use sea-level pressure (SLP) and surface and geostrophic winds from both NCEP-NCAR reanalyses (Kalnay et al., 1996) and from the International Arctic Buoy Program (IABP) (Thorndike and Colony, 1980) . In addition, we use sea-ice concentration observed by satellites to quantify the extent of sea ice, From the IOEB observationsofsalinity and temperature,wehaveidentified a few mixing eventsthat reachedthe halocline depth, characterizedby either complete or partial homogenization of water properties in the_mixed_and halocline layers. In this sectionwe describe and explain them in the context of SLP and geostrophic-windvariations.
a. The Beaufort Sea Buoy
The first IOEB was deployed in the Beaufort Sea from an ice camp at 73°N, 148°W in April 1992 (Fig. 2 ). Due to failure of the CD recorders, hydrographic data were not collected during this deployment (see Krishfield, 1999, for explanation Therefore, in addition to wind data from the IOEBs, we will also use the meteorological data from the IABP.
The geostrophic wind speed at the buoy site is shown in Fig. 5 (the dashed line is for the daily speed and the solid line is for i_s 5-day running mean).
We have compared this with the surfacewind speedmeasureddirectly by the buoy. Their temporal variations agree well (the amplitude of the surfacewind was understandablysmaller than that of geostrophic wind) except for a period near the end of 1996when the IOEB wind speedwas near zero.
Webelievethat this wasdue to the instrument's rotor being frozen. Both types of data show that the wind speedwasconsiderablyhigher near the endof 1996,in early 1997,and around the 60th day in 1997,coinciding with the three periods in which deep mixed layers were observed. Although the wind speedwas high on around day 320in 1996,the hydrographic data, however, did not show a completehomogenizationbetween8 and 45m. The density differencebetweenthese two levels did decreasein this short period, as the surfacesalinity increasedand the subsurfacetemperature at 45m increased. Whether this was due to a partial mixing, or whether the buoywasjust passingthrough a previously mixed areais not clear at this point.
The developmentof eachof three storms (near the end of 1996,early in 1997,and on day 60 in 1997) was quite similar in terms of SLP anomaly evolution. Thus, here we will only discussthe storm on the 60th day in 1997,sinceit wasmore distinct in time from other storms. Near day 60 the speedof both ice motion and surfacewind increasedconsiderably The wind speed near the buoy increased on the 55th day, growing gradually to a maximum (about 15 In s -_ higher than climatology) on the 59th day. The positive anomaly of wind speed lasted for more than 10 days, and was still present on the 65th day. A notable fe_.ture in Fig. 7 is that the buoy was seldom in the center of the area of maximum wind speed, but was rather on the edges of this area. The maximum wind-speed anomaly was more than 20 m s -*.
The SLP anomaly exhibited a dipolar structure (Fig. 8 in connection with Figure  9 .
The IOEB was refurbished again in April, 1997 and continued to drift anti-cyclonically in the Beaufort Gyre (Fig. 2) . 11 ). Here we examine in more detail the development of the storm and study its impact on sea-ice distribution. Fig. 12 shows that the geostrophic wind speed was relatively strong in the western Arctic Ocean between the 336th and the 346th day in 1997. The buoy was near the center ofmaximum wind on the 340th day ( Fig.   12g ), with wind speeds more than 20 m/s stronger than climatology. The buoy stayed in the center of the wind-speed maximum for another 5 days until the 345th day (although the wind speed weakened gradually It should be noted that this reduction occurred during the seasonof maximum ice growth.
The IOEB continuedto drift after the endof 1997(seetrajectory in Figure 1) our study. Temperature and salinity along the buoy trajectory are shown in Fig. 15 , and the speedsof surfacewind and ice drift are presentedin Fig. 16 . On five separateoccasionsthe temperature at all four depths appearsto be homogeneous,on the 129th day, the 142nd, betweenthe 149th and 154th days,on the 165thday, and betweenthe 185th and 190th days ( Fig. 15a) . Interestingly, salinities werenot completely homogenizedover this depth range.
A possibleexplanation is that in the Arctic Oceanmixing with subsurfacewarm water is often followedby melting of seaice, which coolsthe mixed layer rapidly toward the freezing point, and al_o results in an immediate restratification of the mixed layer due to the melt water. This has been discussedin many previous papers (e.g., Moore and Wallace, 1988).
In the third and fifth casesmentionedabove,the salinity did showSomesign of mixing (i.e., increaseof surfacesalinity and decreaseof subsurfacesalinity). So we will focus on these two cases,for which we havegreaterconfidencethat deepmixing actually occurred.
Let us first examine the event occuring around the 150th day in 1994. During this period the geostrophicwind was strongerover most of the Arctic basin, especially near the North Pole.in the area north of 80°N (Fig. 17 ). Near the buoy site (marked by "B") the wind speed started to increaseon the 148th day, reachinga maximum around the 157th day, when the wind speedwas more than 10 m/s higher than normal. It also appearsthat the center of the positive wind anomalymovedslowly eastward (cyclonically). The SLP was lower almost everywhereoverthe Arctic basin (Fig. 17) . A low SLP centerinitially emerged from the Nordic Seaarea and movedtoward the Barents Seaon the 148th and 149th days.
This intensified quickly, while moving,slowly northeastward. The cyclonic wind anomaly induced by this low SLP center was mainly responsiblefor the changein wind speedseen in Fig. 16 . Sea-iceconcentrationin the vicinity of the buoy waschangedlittle by the storm (Fig. 19) In-situ measurementsof storm-driven mixing eventsare rare. We studied this problem indirectly by examining the wind field. In the Arctic, storms can be either cyclonic or anticyclonic. We will not attempt to separatethem in this study, since we are interested primarily in the wind Speed.The seasonal distribution of synoptic activity, including both cyclonesand anticyclones,has been discussednicely by Serrezeand Barry (1988) . We will lhst examine the climatology of the wind field beforediscussingits interannual variations.
The IABP data were used to compute a 22-year climatology of daily geostrophic wind.
The monthly-averagedwind speedsfor February, May, August, and Novemberare shown in Fig.20, representing To investigate interannual variations, we havecomputed the "anomalous" number of "stormy days," shown in Fig.22 . The number of stormy days was generally lower in the 1980s than in the 1990s.In general,the Canadabasinhas a smaller interannual changecomparedwith the Eurasian Basin, especially in the Barents Seaarea. It has been reported that the halocline in the Eurasian Basin has beenretreating in the past decade (Steeleand Boyd, 1998) . One hypothesis advancedto explain the vanishing halocline was an increasein Atlantic inflow through Fram Strait and the Barents Sea. Here we have shown that the weather in this region becamestormier in the 1990s.Thus, one may speculatethat enhancedstorm-driven mixing may haveplayed a role in bringing warmer Atlantic water to the surface,and perhaps contributed to the retreat of the Arctic halocline.
It should be noted that in the Central Arctic, the year with the most storm is 1997while the year with the secondmost _ _ _ o_o.m is 1996 which are the same years when the IOEB was providing good data. It is apparent from Fig. 21 that although the IOEB provides very good temporal resolution, it is not able to provide good spatial details about storm occurrences.
The deployment of more of these buoys at other areas of the basin is thus most desirable for a more detail study of the mixing phenomenon.
Does the Arctic Oscillation affect storm distribution?
We have computed the correlation between tile annual AO index (Thompson and Wallace, 1999) and the number of stormy days in a year (as in Fig. 22 ) for the period from 1979 to 2000. The correlation is rather lower, between -0.4 and +0.4 for this short period. In general, the Eurasian Basin, especially the Barents Sea area, tends to be positively correlated with the AO index, while the correlation is small in the Beaufort Sea area. We have also used longer records from NCAR-NCEP (1947 -2000 and find a similar pattern, but the correlation is better (between -0.6 and +0.6), as shown in Fig. 23 .
Discussion and Summary
We have investigated IOEB observations of oceanic, atmospheric, and ice parameters from April 1996 to the end of 1997 in the Beaufort Sea, and from April through July of 1994
in the area north of Fram Strait.
The buoy data show water-mass characteristics typical of the Arctic Ocean (i.e., a cold halocline layer sandwiched between a cold, fresh mixed layer and a warmer, saltier thermocline layer below). The vertical gradient of salinity is large due to the presenceof the halocline layer, as pointed out in many previous studies. O'1 O0 @ is not always insulated from the mixed layer. Our analysis suggests that these mixing events were mechanically forced by intense storms moving across the buoy sites. This is a departure to conventional wisdom that the formation of new ice in leads and polynyas is the likely mechanism that could result in mixing that would overturn the halocline. The observed mixing events were analyzed in the context of storm developments that occurred in two general areas with very different hydrographic structures, namely, the Beaufort Sea and in the area north of Fram Strait. The Beaufort Sea is strongly influenced by inflow of Pacific water through Bering Strait, while the area north of Fram Strait is directly affected by the inflow of warm and salty North Atlantic water. Our analysis of the basin-wide evolution of the surface pressure and geostrophic wind fields indicate that the characteristics of storms could be very different but there effect could be profound since they can force mixing deep enough to reach the halocline and thermocline layers.
The buoy-observed mixing occurred only in the spring and winter seasons when the stratification was relatively weak. This indicates the importance of stratification, although the mixing itself was mechanically driven. We also analyze the distribution of storms using both the long term climatology as well as the patterns for each year in the last two decades.
The frequency of storms is also shown to be correlated (but not strongly)
to Arctic Oscillation indices.
